The polarization performance of a reflection-type polarizer made with a synthetic mica ͑fluorophlogopite͒ single crystal ͑002͒ in symmetric Bragg geometry was evaluated at the photon energy of 880 eV by means of the rotating-analyzer method. An experiment was performed at the undulator beamline at the SPring-8. The reflectance in the s-polarization configuration was 2.6% at an incidence angle of around 45°. As the result of the analysis based on the rotating-analyzer method, the polarizance of the polarizer and the degree of linear polarization of the incident light at 880 eV were found to be 0.997± 0.002 and 0.993± 0.004, respectively.
The polarization performance of a reflection-type polarizer made with a synthetic mica ͑fluorophlogopite͒ single crystal ͑002͒ in symmetric Bragg geometry was evaluated at the photon energy of 880 eV by means of the rotating-analyzer method. An experiment was performed at the undulator beamline at the SPring-8. The reflectance in the s-polarization configuration was 2.6% at an incidence angle of around 45°. As the result of the analysis based on the rotating-analyzer method, the polarizance of the polarizer and the degree of linear polarization of the incident light at 880 eV were found to be 0. Polarized soft x rays in the 1 keV region generated by linear and helical undulators are intensively useful for the studies of magnetic properties of transition metals and compounds. 1, 2 For these kinds of experiments it is important to know the precise state of polarization of the soft x-ray beams before and after the interactions with a sample. Especially the state of polarization of the excitation beam may significantly influence the result of the measurement. It should also be kept in mind that the state of polarization of the beam produced by an ideal undulator may change by reflection and diffraction of the beamline optics. In addition, the undulator radiation itself may have some uncertainties due to the mechanical errors of the magnets groups, imperfections in magnet alignment, and irregular aging of the undulator magnets.
In the region between approximately 50 and 700 eV, various multilayer polarizers have been developed. [3] [4] [5] [6] It is, however, thought to be difficult to fabricate the multilayer polarizers working in the 1 keV region. When the multilayer polarizers are designed for this energy region, its optimum periodic length to yield maximum efficiency at the pseudoBrewster angle in the vicinity of 45°is 1.2-0.9 nm, and is extraordinarily small, even employing the latest coating technologies available. Furthermore, the interface roughness and/or interdiffusion in the multilayer structure and the surface roughness of the substrate significantly influence optical properties such as reflectivity. These structural errors result in the degradation of the polarization performance. On the other hand, in the region above 6 keV, polarizers made with Si, Ge, or diamond single crystals in the Bragg or Laue geometry have been developed based on the dynamical theory of x-ray diffraction. [7] [8] [9] Furthermore, in x-ray astronomy, mosaic graphite crystal is known to work as a polarizer at 2.6 keV. 10 Natural muscovite mica single crystal has a lattice spacing of approximately 1 nm, adequate for polarizers in the 1 keV region. In our previous study, 11 natural muscovite mica͑002͒ was found to work as a reflection-type polarizer at around 880 eV by evaluation using undulator radiation, where the maximum reflectance for s ͑p͒ polarization in the vicinity of 45°incidence was 1.8% ͑0.022%͒ and polarizance was estimated to be over 0.990. However, the polarizance of the polarizer could not be determined precisely because the degree of linear polarization of the incident light was unknown. To accurately characterize the degree of linear polarization, the rotating-analyzer method 12, 13 is generally used, which is an attractive method of ellipsometry because it allows us to determine the degree of linear polarization of the light as well as the polarizance of the polarizer simultaneously. We need to do three independent measurements using two samples that are generally made of the same material, but it is not required because this method gives the respective polarizances for each sample. Recently, the technology for growing large synthetic mica single crystals has greatly progressed. Synthetic mica can also be usable as soft x-ray polarizers at approximately 880 eV because it has almost the same lattice spacing as natural muscovite mica. However, the evaluation of the polarization performance of synthetic mica has not been performed theoretically and experimentally yet.
In this article, we describe the experiments to evaluate the polarizance of synthetic mica crystal and the degree of linear polarization of an insertion device beamline at the SPring-8 based on the rotating-analyzer method, as well as its reflectance at 880 eV.
Synthetic mica ͑fluorophlogopite͒ as well as natural muscovite mica has a significant layer structure, and excellent thermal and chemical stability. The chemical formula and the crystal system of synthetic mica are KMg 3 ͑AlSi 3 O 10 ͒F 2 and monoclinic, respectively. The lattice constants are a = 0.5308 nm, b = 0.9183 nm, c = 2.0278 nm, and ␤ = 100.07°. 14 We made two samples from a synthetic mica block having a size of approximately 65ϫ 50ϫ 5 mm 3 , which was made by use of the vertical Bridgeman method by Itoh Kikoh Co., Ltd. at Tokai, Aichi, Japan. Synthetic mica has higher purity and transparency in the visible region than muscovite mica. Two specimens of synthetic mica were cut and cleaved into a dimension of 10ϫ 10 mm 2 having over 1 mm thickness and were used for a polarizer and an analyzer, respectively, in this measurement.
An x-ray scattering measurement for evaluating the crystallinity and the lattice spacing of synthetic mica was carried out using an x-ray diffractometer ͑SLX-2000, Rigaku Corp.͒. The standard -2 scanning was made with an x ray of 0.154 nm. Figure 1 shows the x-ray reflectivity curve for cleaved synthetic mica͑00l͒. The abscissa and vertical axes refer to the diffraction angle 2 and absolute reflectivity, respectively. Sharp and intense Bragg peaks ͑l =2,4, ... ,18͒ were observed according to the extinction rule of x-ray diffraction. This is evidence that our sample maintains good crystallinity. Using the Bragg peak positions, the lattice spacing has been estimated to be d 002 = 0.9963± 0.0006 nm. The incident photon energy that corresponds to the kinematical Bragg angle of 45°for the ͑002͒ symmetric Bragg reflection is then found to be 879.96 eV.
The measurement of the polarization performance of synthetic mica was carried out at the BL23SU of the SPring-8, where a double-array variable undulator ͑APPLE-2 type͒ 15 was tuned to the horizontal linear polarization mode throughout this study. The beamline consists of a prefocus system, a Monk-Gillieson type monochromator equipped with varied-line-spacing plane gratings and spherical focusing mirrors, 16 and a refocus system. The monochromator was tuned to be 880 eV and its entrance and exit slit widths were 100 m. The full width at half-maximum bandwidth of the incident light was approximately 0.5 eV, 17 and the horizontal and vertical divergences could be estimated to be Ͻ0.003°.
We used a soft x-ray ellipsometer designed and built for the soft x-ray polarization measurement based on the rotating-analyzer method.
18 Figure 2 shows the schematics of the experimental setup for the rotating-analyzer method. This apparatus consists of a five-axis goniometer, two stages to hold the polarizer ͑P͒ and the analyzer ͑A͒, and a microchannel plate as a detector ͑D͒, and was installed at downstream of the refocus system. P and A are the incident angles measured from the normal of the polarizer and the analyzer, respectively. Rotation for the azimuthal angle of P͑A͒ around the beam can be varied with the angle indicated by ͑͒.
We express the incident beam using the degree of linear polarization P L , and the azimuthal angle ␦ ͑−90°ഛ ␦ ഛ 90°͒ of the major axis of the polarization ellipse, where the size of ␦ is measured counterclockwise from the horizontal plane by an observer facing the incident beam.
The polarizance of synthetic mica and P L and ␦ of the incident light can be simultaneously determined by three independent azimuthal angle scans in the configurations of Fig. 2 ͑P͒ ; however, we have adopted ␦ ͑P͒ as ␦ because the mechanical accuracy of the stage at the position P in the apparatus for the soft x-ray ellipsometer used in this study is higher than that at position A. Figure 3 shows the measured reflectances for s polarization ͑R s ͒ and p polarization ͑R p ͒ for a symmetric Bragg reflection of synthetic mica͑002͒ at the position P, as a function of the incident angle P . The maximum reflectances for s and p polarizations are R s = 2.6% at P = 45.02°and R p = 0.013% at P = 45.00°, respectively. The extinction ratio R s / R p , which indicates the polarizing ability and has been calculated using measured R s and R p , is also shown in this figure. The value of R s / R p is 213 at the incident angle where R s becomes the maximal. This indicates that synthetic mica can be utilized for the polarizer and analyzer in the instrument for the rotating-analyzer method. The deviation of the peak positions of R s and R p should be attributed to the finite energy bandwidth of the incident beam. 11 For the quantitative explanation of this phenomenon we need the atomic coordinates of the synthetic mica, which have not been determined yet. emitted by the insertion device should be a value very close to zero; however, our result indicates that the major axis of the polarization ellipse of the beam at the sample has rotated by diffraction/reflections of the gratings and mirrors and/or by a kind of misalignment at somewhere of the beamline optics. Figure 4͑c͒ shows the intensity obtained through two pieces of synthetic mica͑002͒ in the configuration of Fig.   2͑c͒ , as a function of , fixing =−45°+␦ at 880 eV. The vertical scale is logarithmic. The incident angle P of the polarizer was fixed at 45.02°throughout the measurement. On the other hand, to circumvent some mechanical errors due to the deflection between the optical axis and rotation axis of , etc., we found the maximum intensity varying the incident angle A , of the analyzer and regarded it as the intensity for a value of ͑open circle͒. The solid curve is that obtained by a fitting analysis. The contrast factor C ͑PA͒ and azimuthal angle ␦ ͑PA͒ were calculated to be 0.998± 0.003 and −1.14°± 1.04°, respectively. Therefore, the polarizance of the polarizer ͑the analyzer͒ made with synthetic mica͑002͒ and the degree of linear polarization of the incident light were found to be P z = 0.999± 0.002 ͑0.997± 0.002͒ and P L = 0.993± 0.004 at 880 eV, respectively. The results indicate that synthetic mica works as an efficient reflection-type polarizer having high polarizing ability at 880 eV, and that the state of polarization of the soft x-rays at the end station of the BL23SU beamline at the SPring-8 is almost horizontally linearly polarized. Thus, the degree of linear polarization of 880 eV soft x rays has been characterized by use of the polarizers made with synthetic mica. Furthermore, it is noted that the polarizing ability of synthetic mica is comparable to that of muscovite mica whose maximum reflectance for s polarization and polarizance have been evaluated to be 1.8% and over 0.990, respectively. Synthetic mica is advantageous to use as a polarizing device compared with muscovite mica, which is a natural product, with respect to its high purity and large block size.
The authors would like to thank Mr. T. Koyano of Itoh Kikoh Co., Ltd. for providing the synthetic mica ͑fluorophlo- 
